The possibility that there is some common factor in protein deprivation and splenectomy affecting the properties of red cells was examined by measuring the lipid contents of the plasma and red cells , the surface area and spherical index of red cells , and the lecithin cholesterol acyltransferase (LCAT) activity of the plasma in intact and splenectomized rats on diets with various levels of protein . 
Summary
The possibility that there is some common factor in protein deprivation and splenectomy affecting the properties of red cells was examined by measuring the lipid contents of the plasma and red cells , the surface area and spherical index of red cells , and the lecithin cholesterol acyltransferase (LCAT) activity of the plasma in intact and splenectomized rats on diets with various levels of protein . Splenectomy also decreases the fragility of red cells markedly and increases the cholesterol content of membrane (13) , but the effect of splenectomy on LCAT activity is unknown. In both protein deficiency and splenectomy, the osmotic fragility of the red cells decreases when the membrane cholesterol level increases.
Previously we observed the relation of lipids and splenic function in stabilizing the red cells of rats (22) . The present studies were undertaken to examine whether there is any factor common to the conditions of splenectomy and the protein deprivation that influence the fragility of rat red cells. To test this, intact and splenectomized rats were fed on diets with various protein levels (20%, 5%, and 0%) and LCAT activity in their plasma and the lipid contents in their red cells and plasma were measured. Osmotic fragility of the red cells. The osmotic fragility of red cells was measured by a modification (11) of the method of DACE and VAUGHAM (4) . Results are expressed as the concentration of NaCl giving 50% hemolysis, here named the half hemolysis rate (HHR).
Measurements of the diameters and spherical indices of red cells. The diameters of red cells were measured with an ocular screw micrometer in preparations stained with Wright's solution. At least 100 cells were measured in each preparation and the mean value was taken as the diameter of the cells. Since red cells are concaved, it is rather complicated to calculate their actual surface area, and so we simply assumed that the cells were short cylinders and calculated the surface area on the basis of the following formula (26):
•~mean corpuscular thickness.
where the mean corpuscular volume was calculated by dividing the hematocrit value by the red cell count. The ratio of the mean corpuscular thickness to the mean cell diameter was named the spherical index of the red cells in estimating spherocytosis.
Other routine measurements of the blood were carried out by standard methods.
Measurement of lipids. The washed red cells were resuspended in 0.9% NaCl at a density corresponding to the original hematocrit value, and samples were taken to measure the packed cell volume and lipid content. Lipids were extracted from the red cells and plasma with a mixture of two volumes of chloroform and one volume of methyl alcohol (6) , and portions of the extracts were used to measure total cholesterol, free cholesterol, and total phospholipids (23, 27) . Values for cell lipids were expressed on the basis of the volume (in ml) of packed cells. The morphological changes of red cells of intact and splenectomized rats in each dietary group are summarized in Table 2 . Significant increases in diameter and surface area of the red cells were observed in rats in each splenectomized group. The diameter and surface area of cells of both the intact and splenectomized rats on low protein diet were larger than those of cells of the corresponding animals on standard protein and protein-free diets. Splenectomy significantly decreased the mean cell thickness (MCT) and spherical index of the cells of all dietary groups but these values were not affected by the protein content of the diet. The average osmotic fragilities and lipid contents of red cells of the rats are shown in Fig. 1 . Splenectomy caused significant decreases in the fragility of red cells in each group (p<0.001), the extent of decrease being more on decreasing the protein levels in the diet. Conversely, the phospholipid and cholesterol contents of the red cell membranes in each group were increased by splenectomy. In intact rats the fragility was significantly decreased in the groups on low protein and protein-free diets, but there was no significant difference between the latter two groups. Conversely, cholesterol and phospholipids were gradually increased with decrease in the protein content of the diet. Inverse relationships of osmotic fragility with the membrane contents of phospholipids (Fig. 2a) and cholesterol (Fig. 2b) As shown in Fig. 3 , the cholesterol content of the cell membranes is closely correlated with the corresponding diameter of the red cells (r=O.484, p<0.01) but for calculation of the regression line in this figure, values for animals on protein-free diet were omitted because of administration of protein-free diet changed the morphologi cal property of red cells (to be discussed later).
The lipid concentrations and LCAT activities in the plasma of the rats are summarized in Table 3 . In general, the concentrations of total phospholipids and cholesterol tended to decrease on lowering the protein content of the diet, but their values were similar in intact and splenectomized rats. Esterified cholesterol and the ratio of esterified cholesterol to total cholesterol in the plasma (ester ratio) decreased with decrease in the level of dietary protein and these values were significantly low in 318 S. SAGAWA and K. SHIRAKI Table  3 . Plasma lipids and LCAT activity of rats. the protein-free diet group. However, the plasma LCAT activity was not affected by either splenectomy or decrease in dietary protein. Data on the liver weight and liver fat of the rats are summarized in Table 4 . The liver weight, expressed per unit body weight, decreased with decrease in the protein level in the diet, but there was no difference between values for intact and splenectomized rats within the respective groups. The crude fat content of the liver per unit wet weight of the organ was significantly higher in the group on protein-free diet than in those on standard and low protein diets.
DISCUSSION
This work showed that low protein and protein-free diets decreased the osmotic fragility, increased the lipid content and surface area, of red cells of rats. Likewise, splenectomy resulted in a significant decrease in osmotic fragility and increase in the lipid content and diameter of red cells of rats in each dietary group. Accordingly, a linear relation was found between osmotic fragility and the lipid content of the red cells ( Fig. 2a and b) and also between the red cell diameter and the cholesterol content of the red cell membranes in all but the group on protein-free diet (Fig. 3) . In the latter group the diameter and cholesterol content of the red cells were not correlated because the cells did not become large probably due to (i) exhaustion of tissue reserves of amino acids essential to hemopoiesis and erythroid metabolism, (ii) decrease in the levels of certain hemopoietically active vitamins and (iii) endocrine disturbance, such as thyroid and gonad hypoactivity and relative adrenal hyperactivity (5). Splenectomy caused a significant decrease in osmotic fragility and increases in the lipid content and diameter of red cells in each dietary group: the mean corpuscular volume was not affected by splenectomy, and consequently increase in diameter resulted in increase in the surface area and decrease in spherical index of the red cells, which reduced spherocytosis and osmotic fragility of the cells.
As observed by COOPER and JANDLE (2) , an increase in cholesterol in the red cells led to an increase in surface area and decrease in osmotic fragility of the red cells; the changes in osmotic fragility in our experiments probably resulted from a change in the cholesterol content. The finding that the diameter did not increase in the protein-free diet group was probably because increase in the surface area due to accumulation of cholesterol in the cell membrane was masked by the opposite effect of lack of amino acids in the erythropoietic tissues.
Membrane cholesterol is readily exchangeable with unesterified cholesterol in the plasma and the esterification of plasma cholesterol is regulated by the action of LCAT in the plasma (9) . The present study showed a reverse relationship of the cholesterol content of red cell membranes with the esterified cholesterol in the plasma, in agreement with the report of COOPER and JANDLE (2) and also showed that esterification of plasma cholesterol decreased with decrease in the level of protein in the diet, supporting the report of HORI et al. (12) . However, LCAT activity in the plasma of rats on low or protein-free diet was similar to that of rats in the standard protein group. Thus the decrease in the esterification of plasma cholesterol and increase in the cholesterol level in the red cells were not due to change in LCAT. LCAT activity in plasma decreases in patients with liver disease (25) . Previously we have observed a decrease in LCAT activity and an increase in red cell cholesterol in the splenectomized rats with hepatomegaly induced by a repeated injection of methyl cellulose, but LCAT activity did not change by only splenectomy in control rats (22) . Therefore, the mechanism of accumulating cholesterol in red cell membrane of rats on protein-free diet would be different from that of change in red cell cholesterol of rats treated by methyl cellulose. As CHATTERJEE and CHAUDHURI (1) pointed out, a low plasma level of oc-lipoprotein in patients with protein-calorie malnutrition (PCM), who frequently suffer from fat infiltration of the liver, the fat infiltration of the liver as observed in rats of protein-free diet, will reduce the level of high density lipoproteins (HDL) in the plasma. Fatty acid at the 2-position of lecithin, which is abundant in HDL, is used as substrate for the esterification reaction of plasma cholesterol (8) . Thus, the reduction in esterified cholesterol observed in the plasma of rats of protein-free diet probably results from a lowered HDL level in the plasma due to fat infiltration into the liver, because no reduction of LCAT in the plasma was detected in these animals in the present study. Change in the content of phospholipids in red cells may be secondary change induced by movement of cholesterol in the form of liquid crystals with phospholipids (21) , and as a result of this change, phospho lipids may also show a close relationship with the fragility of red cells.
The survival time of red cells is reported to be shortened in protein-deprived a rats (11) and patients with PCM (14) , and this is thought to be one reason for the development of anemia in protein starvation. The exact relation of decreased osmotic fragility to decrease in the survival time of red cells is not clearly understood. Cholesterol-loaded red cells, such as acanthocytes in patients with abetalipopro teinaemia and spur cells obtained from rabbits by feeding high cholesterol diet (17) are accompanied by abnormalities in the rheological properties of the cells and shortening of their survival times in vivo. It is unknown why the cholesterol content of the cell membranes increases significantly after splenectomy, because neither LCAT activity nor the level of esterified cholesterol in the plasma is affected by splenectomy. The red pulp of the spleen, where about 5 to 10% of the red cells are normally sequestered, is reported to have a low pH (approximately 6.8) (15, 16) . We found that when red cells were kept at low pH (6.5-6.8), either in vivo or in vitro, their fragility increased and their cholesterol content decreased rapidly (to be published elsewhere). in this observation, when rat red blood cells were incubated with plasma at pH 6.6 for 5 min, osmotic fragility increased by 12%, and red cell cholesterol decreased by 9.9% from the control values, respectively, and when pH of the circulating blood was lowered to 6.8 for 5 min by a CO2 inhalation to rats, osmotic fragility of the red cells increased by 8.8% with a concomitant decrease in red cell cholesterol by 6.5% from control values, respectively. Thus, the increased cholesterol content and decreased fragility of red cells in splenectomized rats may be caused by that the cells are not exposed to the low pH of the red pulp. It is concluded that in the present experiments red cells of splenectomized rats on protein-free diet had the least fragility and the highest cholesterol content as the consequence of the two effects described above: accumulation of cholesterol in the cell membranes as a result of decreased esterification of plasma cholesterol, and the absence of a region of low pH in the body.
